Abstract-Results of laboratory and field studies have demonstrated that salinity influences the accumulation of copper. The present study is, to our knowledge, the first to examine the effect of salinity on copper accumulation in a teleost fish across a comprehensive range of salinity from freshwater to seawater. This was done in an effort to identify potential target tissues and differences in chemical interactions across salinities that will aid in the development of a seawater biotic ligand model (BLM) for copper. Killifish (Fundulus heteroclitus) were acclimated to five salinities (0, 5, 11, 22, and 28 ppt) and exposed to three copper concentrations (0 [nominal], 30, and 150 g L Ϫ1 ), yielding 15 treatment groups. Fish from each group were sampled for tissue copper analysis at 0, 4, 12, and 30 d postexposure. Whole-body and liver accumulations were highest at lower salinities. The liver accounted for 57 to 86% of the whole-body copper even though it accounted for less than 4% of the body mass. Similarly, the gill accumulated more copper at lower salinities, whereas the intestine generally accumulated more copper at higher salinities. Speciation calculations indicate that CuCO 3 likely accounts for much of the accumulation, possibly with some contributions from CuOH ϩ and Cu(OH) 2 . The free ion, Cu 2ϩ , does not appear to be associated with copper accumulation. However, the differences in physiology and in the concentrations of competing cations across salinities suggest that speciation alone cannot explain accumulation. The present findings may have implications for future development of a BLM for saline environments by identifying potential target tissues.
INTRODUCTION
Copper is an essential, yet potentially toxic, element for all organisms [1, 2] . It is used as a cofactor in several enzymes, and several proteins have evolved to tightly regulate the distribution of copper in the cell [1] [2] [3] . In humans, failure to maintain the proper level of copper has been implicated in two diseases: Wilson's disease (excess of copper) and Menke's syndrome (deficiency of copper). In aquatic systems, copper accumulation and mechanisms of copper toxicity have been studied mostly in freshwater (FW) [4, 5] . In seawater (SW), little is known about this area [6] [7] [8] [9] [10] , and even less is known about copper accumulation and toxicity at intermediate salinities.
During aqueous exposures of FW fish, copper is readily taken up by the gill, where it inhibits the action of Na ϩ -K ϩ adenosine triphosphatase [4] . This inhibition causes an osmoregulatory disturbance as Na ϩ is lost to the dilute external environment. A similar loss of Cl Ϫ has been observed in fish, adding to the osmoregulatory disturbance [4] . For SW fish, several authors have proposed that an osmoregulatory disturbance also is responsible for toxicity during waterborne exposures [6, [8] [9] [10] . However, in SW, a net gain of Na ϩ is observed, because the gill is important for the excretion of excess Na ϩ gained from the concentrated external environment and because copper appears to disturb this process. Fish must drink in SW, because they constantly lose water through diffusion to the concentrated external environment [11] . In drinking SW, aqueous copper can accumulate in the intestine [7] , as it does with aqueous silver exposures [12, 13] .
The present study examined how salinity affects the ac-cumulation of copper and related copper accumulation to physiology, competitive cations, and speciation, because the biotic ligand model (BLM) predicts that these factors are important for short-term accumulation [5] . The gill, intestine, liver, gallbladder, kidney, muscle, and carcass were examined in an effort to identify potential target tissues for copper accumulation and toxicity, as outlined below. It was expected that gill copper accumulation would be high at lower salinities and decrease with increasing salinity as a consequence of speciation and/or competition. In contrast, the intestine was expected to contain higher concentrations of copper in the higher salinities because of the increased drinking rate [10] [11] [12] . The liver was examined because of its importance in maintaining copper homeostasis and was expected to accumulate copper regardless of salinity [3] . The liver may, therefore, serve as a good indicator of whole-animal copper uptake and accumulation [3] . The gallbladder was examined to evaluate the importance of biliary excretion of excess copper [3, 14] . The kidney has been proposed as a potential site of copper accumulation and copper toxicity in SW, but not in FW; therefore, the copper concentration was expected to increase with increasing salinity [8] . Finally, the muscle and carcass were not expected to exhibit changes in copper concentrations, because the carcass and muscle have been shown previously not to accumulate copper during aqueous copper exposure [7, 15] .
As mentioned, inorganic speciation of the metal is an important factor influencing the toxicity of a metal. The free ion, Cu 2ϩ , correlate well with toxicity [5, 16, 17] , although CuOH ϩ also may be toxic [16, 17] . We expected that the accumulation on a whole-body basis would be correlated best with the free ion because of its importance in toxicity. Finally, it has been observed that along a salinity gradient in polluted environments, mollusks and other invertebrates accumulated more copper in their tissues as salinity decreased [18] [19] [20] [21] . Accumulation was associated positively with free-ion activity and related inversely to salinity [18] . The present study attempted to elucidate further the reasons for this effect of salinity, in this case using a fish model, but at the same time to verify the effect of the free Cu 2ϩ ion across a wider range of salinities. As such, the present study is, to our knowledge, the first to examine copper accumulation in fish across a comprehensive range of salinities from FW to SW.
For the present experiments, we chose to use Fundulus heteroclitus, the common killifish. Osmoregulation in this organism has been well studied, and it tolerates wide ranges of salinity [22] . In addition, the killifish is easy to obtain and adapts well to laboratory conditions.
MATERIALS AND METHODS

Experimental animals
Fundulus heteroclitus (weight, 1.5-11.2 g) were collected during June 2003 north of St. Augustine (FL, USA) in the Atlantic Intracoastal Waterway near the Guana River by the Whitney Laboratory, University of Florida, St. Augustine (FL, USA), and were shipped to Miami (FL, USA). After two weeks of acclimation to laboratory conditions, the killifish were acclimated to five different salinities (0, 5, 11, 22, and 28 ppt) for a minimum of two weeks before experimentation. During this time, they were kept in aerated, filtered, recirculated water of the appropriate salinity and under a natural photoperiod. The water used both for holding and for exposure was Bear Cut (25Њ43.9ЈN, 80Њ09.7ЈW) SW (28 ppt) that had been passed through a sand filter and diluted with dechlorinated Miami City tap water to reach the desired salinities. The physical and chemical characteristics of the waters used are listed in Table  1 . Fish were fed a dense commercial fish feed from Aquatic Eco-Systems (Apopka, FL, USA) ad libitum every other day, with any uneaten food being removed a few hours after feeding.
Experimental design of the copper exposure
Killifish were kept in 28-L tanks receiving flow-through of 100 ml min Ϫ1 of aerated water at a density of 17 to 18 fish/ tank. Fish were kept in five salinities (0, 5, 11, 22, and 28 ppt) at three copper concentrations (nominal 0, 30, and 150 g L Ϫ1 ; for measured concentrations see Table 2 ) throughout 30 d of exposure for a total of 15 tanks and 265 fish. All flow-through water was well mixed before entering tanks through the use of separate mixing chambers to set first the salinity and then the copper concentrations. The residence time in the mixing chambers was approximately 2 min for setting the salinity and approximately 1.5 min for the copper. Food was withheld for 72 h before sampling. Because of an otherwise highly intense sampling schedule, tanks were randomly assigned to two groups. The first group's exposure started 1 d before the second group's exposure and, thus, allowed slightly staggered sampling events.
Sampling
Water was sampled at 0, 2, 4, 8, 12, 16, 25, and 30 d of exposure. Water samples for both total and dissolved copper, with the latter being defined as that which passed through a 45-m syringe filter (Acrodisc syringe filters; Pall Life Sciences, Houston, TX, USA), were acidified using concentrated nitric acid (trace-metal grade, 1% v/v; Fisher Scientific, Pittsburgh, PA, USA). Fish were sampled at four time points: Days 0, 4, 12, and 30. At each time point, five fish were taken from each tank except for treatments in which mortality occurred. For these treatments, n-numbers were adjusted to allow sampling at all the above-mentioned time points; for n-numbers, see Table 3 . Euthanized fish (tricaine methanesulfonate, 0.2 g L Ϫ1 ) were dissected to obtain gill, liver, intestine, gallbladder, kidney, and a small muscle sample for the analysis of copper content. These samples, as well as the remaining carcass, were weighed and digested in approximately fivefold their volume of 1 N sulfuric acid (trace-metal grade; Fisher Scientific) at 80ЊC for 24 h.
Tissue somatic index for gill, liver, muscle, and intestine 
Copper analysis
Copper concentrations in the FW (0-ppt) samples and tissue digests were determined by graphite furnace (model 220Z graphite furnace atomic absorption spectrophotometer; Varian, Mulgrave, Australia) using standard operating conditions and dilutions as necessary. However, a coprecipitation with iron was performed on the samples from the other salinities to eliminate the interference by sodium [23] . Briefly, an iron solution (iron(III) nitrate; 10,000 g ml Ϫ1 , 1:50 v/v; Ultra Scientific, North Kingstown, RI, USA) was added to water samples. The pH was subsequently raised to 7.5 to 8.0 using trace metal-grade ammonium hydroxide (Fisher Scientific) and allowed to sit overnight. The next day, samples were centrifuged at 5ЊC and approximately 5,000 rpm for 10 min. Subsequently, the supernatant was removed and the precipitate dissolved in 5% nitric acid (trace-metal grade; Fisher Scientific). The copper concentrations in the resulting salt-free samples were then compared to a certified standard (Fisher Scientific). Known concentrations of copper were added to samples for determination of the percent recovery (generally 90%), and concentrations measured were adjusted accordingly.
pH, total organic carbon, dissolved organic carbon, cations, anions, and titratable alkalinity
The pH in the tanks was measured using a Radiometer Analytical PHM 201 portable pH meter fitted with a Radiometer Analytical pHC 3005 combined pH electrode (Lyon, France). Samples were taken on two occasions for determination of total organic carbon and dissolved organic carbon by high-temperature catalytic oxidation using a Shimadzu total organic carbon-VCSH (V series, combustion catalytic oxidation/nondispersive infrared method, standalone, high sensitivity) total organic carbon analyzer (Kyoto, Japan) [24] . Cations in water samples were determined using a Varian 220FS flame atomic absorption spectrophotometer whereas anions were determined using a model DX-120 ion chromatograph (Dionex, Sunnyvale, CA, USA) in both cases after appropriate dilution. Titratable alkalinity was determined by a double-endpoint titration [25] . In brief, samples were aerated with O 2 (Ultrapure grade; Airgas, Radnor, PA, USA), and the pH was allowed to stabilize after degassing of CO 2 (30-35 min). The pH was lowered to 3.8 using 0.02 N HCl in Gilmont microburettes (Barrington, IL, USA), and the volume used was recorded. After 15 min of continuous gassing with O 2 to drive off any CO 2 , the pH was raised to the initial pH using 0.02 N NaOH, also in microburettes, and the volume was recorded. The difference between the volume of acid and base required to reduce the pH to 3.800 and to return to starting pH, respectively, was equal to the titratable alkalinity in the sample.
Speciation calculations
For copper speciation calculations, linear regressions (r 2 ϭ 0.954-0.999) were performed on measured concentrations of cations, anions, and titratable alkalinity to estimate the characteristics of waters at the actual exposure salinities as listed in Table 1 . The data found in Table 1 were fed into a chemical speciation program based on natural waters for calculation of copper speciation [26] .
Whole-body copper and relative distribution
Whole-body copper concentrations were determined by summing the contributions from various tissues and dividing by the body mass. The relative contribution of individual organs to whole-body copper was calculated using the tissue somatic index as follows:
relative contribution ϭ (tissue somatic index· body mass · copper concentration in that tissue) Ϭ (total amount of copper in the fish)
Statistical analysis and data presentation
Data are presented as the mean Ϯ standard error of the mean with the n-numbers presented in Table 3 . Numerical data were log-transformed before analysis, because the variances generally increased with increasing means. Copper distribution data (% of total) were arcsine-transformed before analysis [27] . When appropriate, one-way analysis of variance (ANOVA) was performed to evaluate potential differences from control and differences among salinities. When data did not fit the assumptions of the ANOVA (i.e., the data were not normally distributed or did not have equal variances even after the logtransformation), a Kruskal-Wallis ANOVA on ranks was performed [27] . Because of differences among controls over time and across salinity, all comparisons were made to a simultaneous control, and all p-values were subjected to a Bonferroni multicomparison correction for the ANOVAs and a Dunn's multicomparison correction for the Kruskal-Wallis analyses for each comparison independently. Correlation analyses were performed using either a Pearson product-moment correlation for data that fit the assumptions of the test (i.e., the data are not distributed as a bivariate normal distribution) or a Spearman rank-order correlation for data that did not fit the as-sumptions of the Pearson correlation. A p-value of 0.05 or less was considered to be significantly different throughout for both the ANOVA and the correlation analyses. All statistical analysis was performed using Sigma Stat 3.0 (Chicago, IL, USA).
RESULTS
Water chemistry
Measured copper concentrations were not significantly different between the salinities, with dissolved concentrations being slightly lower than total copper concentrations (Table  2) . However, the dissolved concentrations of copper tended to differ among treatments by up to 21% at the high-exposure concentration and by 47% at the low-exposure concentration. The pH (8.00-8.39), total organic carbon (0.1618 Ϯ 0.0015 mM), dissolved organic carbon (0.1607 Ϯ 0.0010 mM), and temperature (25ЊC) did not vary significantly over time or among treatments.
Copper uptake and accumulation
Significant increases were found in whole-body copper in FW and at 5 ppt (Table 4 ; gill, liver, and intestine concentrations are presented in Figures 1-3) ; whereas, whole-body copper concentrations remained similar to control levels at the higher salinities. The gill, intestine, and liver all exhibited significant copper accumulation in some, but not all, treatments, and these changes showed dose, time, and salinity dependence. However, in the gallbladder, kidney, muscle, and carcass, the few significant changes observed did not exhibit dose, time, or salinity dependence (Table 5) .
In the gill, elevated copper concentrations were observed at all salinities except for SW at both concentrations of copper tested ( Fig. 1 ). Fish in both the low-and high-exposure treatments in FW showed significantly elevated branchial levels of copper by day 4, and these levels remained high throughout the exposure at the low copper concentration ( Fig. 1) . At the high copper concentration, all remaining fish died before day 12. At 5 ppt and the low copper concentration, gill copper was elevated at days 4 and 12 and subsequently returned to control levels by day 30. In contrast, at 5 ppt and the high copper concentration, gill copper increased over time and was significantly elevated at day 30. At 11 ppt, the gill copper concentration was elevated at both copper concentrations by day 4. It returned to control levels regardless of the copper concentration by day 12 and became elevated by day 30 only in the high copper exposure. At 20 ppt, the gill copper concentrations were significantly elevated on day 30 at both copper concentrations.
In the intestine, copper concentrations were elevated at all salinities except SW (Fig. 2) . The highest concentration of copper was seen in the intestine at the high copper concentration on day 30 at 5 ppt. In FW at the low copper exposure, the intestinal copper levels initially were significantly lower than control levels at day 4 and became significantly elevated at day 12, returning to control levels by day 30. At 11 ppt, copper was significantly elevated at the low copper concentration on days 4 and 12 and at the high copper concentration at days 12 and 30. At 20 ppt, the intestinal copper levels were significantly elevated only at the high copper concentration on day 30.
Hepatic copper was elevated in FW, at 5 ppt, and at 11 ppt (Fig. 3) , but not at the higher salinities. The only significant increase in hepatic copper at the low copper concentration was observed in FW at day 30, whereas hepatic copper concentrations were significantly elevated at the high copper concentration on day 4 at 5 ppt and on day 30 at 11 ppt.
Distribution of whole-body copper
The liver accounted for 57 to 86% of the whole-body copper in fish not exposed to elevated aqueous copper (Table 5) . The carcass (6.84-28.14%), muscle (3.21-12.3%), intestine (1.34-8.06%), and gill (0.57-2.30%) followed the liver in order of decreasing contribution to whole-body concentration of copper. The gallbladder and kidney combined accounted for less than 0.1% of the copper burden in the fish, with no change in response to treatment, and were therefore included in the carcass (skin, nervous system, gonads, bone, gallbladder, and kidney).
The relative distribution of copper in the fish generally showed modest changes in response to copper exposure in all tissues except the intestine. Both the gill and the liver exhibited increases in their contributions, whereas the muscle exhibited decreased contributions. The carcass showed both increased and decreased contributions to the body burden. In FW, the only difference was observed on day 4 at the high copper concentration, when the gill contributed significantly more to the body burden. At 5 ppt on day 4, the carcass contributed significantly less at both copper concentrations. At the high copper concentration, the muscle contributed significantly less, and the liver contributed significantly more, to the whole-body copper. At 11 ppt on day 4, both the gill and the carcass made significantly larger contributions to the whole-body copper levels at the high copper concentration, whereas on day 30, the liver contributed significantly more, and the carcass significantly less, at both copper concentrations. At 20 ppt, only on day 4 at the low copper concentration was a difference observed, when the carcass made a significantly larger contribution. In SW on day 12, the muscle contributed significantly less to the body burden at both copper concentrations.
Speciation
Speciation calculations revealed that CuCO 3 is the dominant form of inorganic copper at all salinities ( significantly to the total copper present at the higher salinities, CuSO 4 stayed relatively low (Յ1%). In contrast, Cu 2ϩ , CuOH ϩ , and Cu(OH) 2 all increased in abundance from FW to 5 ppt. The free ion, Cu 2ϩ , increased slightly (0.04%) at 11 ppt before decreasing in abundance with increasing salinity, whereas both CuOH ϩ and Cu(OH) 2 decreased as salinity increased from 5 ppt to SW. Overall, Cu 2ϩ , CuOH ϩ , and Cu(OH) 2 contributed less than 14.6% combined at their peak in abundance.
Correlation analysis
The gill, intestine, and liver were chosen for further analysis because of the significant amounts of copper accumulation that occurred in these tissues. In addition, the whole body was chosen for analysis, because it provided a sum of the individual tissue accumulation trends. Dissolved copper, the free ion, CuOH ϩ , Cu(OH) 2 , CuCO 3 , and were chosen for 2Ϫ Cu(CO ) 3 2 analysis, because Cu 2ϩ , CuOH ϩ , and Cu(OH) 2 have been shown to be important for toxicity and CuCO 3 and are high in concentration relative to the other spe-
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cies of copper present. Dissolved copper concentrations were analyzed to verify that the accumulation was not well correlated with the amount of copper in the water. Both ϩ CuHCO 3 and CuSO 4 were excluded from the analysis because of their low contributions. The influence of salinity and time also were analyzed. Salinity and time appeared to be important for accumulation. Cations, anions, and titratable alkalinity were not considered separately, because they all covaried directly with salinity.
Tissue copper concentrations showed positive correlations with time, CuCO 3 , , CuOH ϩ , and Cu(OH) 2 in the 2Ϫ Cu(CO ) 3 2 gill, liver, and whole body (Table 7) . Tissue copper concentrations also showed significant correlations to both CuCO 3 and in the intestine. Tissue copper concentrations 2Ϫ Cu(CO ) 3 2 were correlated negatively to salinity in the intestine, gill, and whole body. When tissue copper concentrations were significantly correlated to the free ion, they always exhibited a negative correlation. Tissue copper concentrations were, at times, significantly correlated with dissolved copper concentrations in the four compartments examined but were correlated both negatively and positively with dissolved copper and, thus, showed no clear trend.
DISCUSSION
Target tissues
As one of the goals of the present study, we investigated many tissues to identify potential target tissues for toxicity. The gill followed the hypothesis of being important at low salinities, because the copper concentrations in the gill decreased with increasing salinity. The intestine did show a trend toward increasing accumulation with increasing salinity above the iso-osmotic point, as expected, and exhibited very high amounts of accumulation at 5 ppt. These results suggest that the intestine may be an important target for copper toxicity in saline environments. The liver also showed high accumulation of copper, which warrants further study as a potential site of toxicity, especially during chronic exposure, as already suggested previously [3] . These tissues (gill, intestine, and liver) will be discussed in detail below.
The present results do not confirm the hypothesis that the kidney is an important site of accumulation at high salinities [8] . Therefore, it is not likely to be a target tissue, because we see no trends toward elevated copper with either salinity or copper concentration. The gallbladder also did not respond Table 2 for measured copper concentrations and Table 3 for n numbers.
as expected [3, 14] , and no elevations of the copper concentrations were observed in the bile. The lack of copper accumulation in the bile suggests that either the killifish does not excrete copper via the bile (as rainbow trout do [14] ), which would be interesting physiologically, or that the copper burden in the fish never reached a concentration high enough to initiate copper excretion. The muscle and carcass did not show any trends toward increased accumulation with either salinity or time, which is in agreement with previously published results [7, 15] . This lack of copper accumulation indicates that these two compartments are unlikely to be important sites of copper toxicity.
Gill
The BLM identifies the gill as an important target for metal toxicity and accumulation in FW [5] . Because copper is able to substitute for Na ϩ in several uptake pathways [4, 28] , it was expected that copper would accumulate in the gill at salinities below the iso-osmotic point (ϳ10 ppt; euryhaline teleost ϭ 297 mOsmol kg Ϫ1 , SW ϭ 32 ppt ϭ 1,050 mOsmol kg Ϫ1 [11] ; mOsmol represents the amount of substance that dissociates in solution to form 1 mmol of osmotically active particles). At these lower salinities, the gill takes up Na ϩ to compensate for the loss of Na ϩ to the dilute environment [11] . The present results demonstrated that the gill is an important site of copper uptake at low salinities. The highest accumulation in the gill occurred in FW, whereas no accumulation occurred in SW and a strong, negative correlation was noted between salinity and branchial copper concentrations. Accumulation was continuous over time at the low copper concentration in FW and at 5 ppt in the high copper concentration. Interestingly, in FW, the maximal concentration in the gill was reached at day 4 in the high copper concentration and was equal to the concentration at day 30 in the low copper concentration.
The decrease in copper accumulation seen with increasing salinity most likely results from competition by competing cations at the gill and a change in the physiology of the gill at high salinities. In salinities above the iso-osmotic point (ϳ10 ppt and higher), the gill excretes ions. Therefore, because copper is thought to be taken up on the same pathways as Na ϩ , copper uptake likely is decreased at 5 ppt by the large increases in Na ϩ and increasing competition for Na ϩ uptake pathways. At the higher salinities, the reduction of accumulation in the gill most likely results from Na ϩ not being taken up at the gill.
Above the iso-osmotic point, however, we observed branchial copper accumulation at 11 and 20 ppt, but the concentrations accumulated were lower than those observed at the low salinities. A possible explanation for this accumulation trend is sodium-insensitive uptake pathways [28] . Fish take up copper in FW by a path that is inhibited by increasing sodium and by one that is not inhibited by sodium (the sodiuminsensitive pathway). Because salinity increases above the isoosmotic point, the pathways that can be inhibited by sodium would be shut down, leaving only the sodium-insensitive pathways for uptake of copper. This sodium-insensitive pathway likely would depend on the concentration of copper in the water and, especially, the concentration of the free ion. Both the dissolved copper concentration in the high copper exposure (5 ppt to SW) ( Table 2 ) and the percentage of the free ion decreased as salinity increased in this experiment, which could account for the decreased accumulation observed. However, we saw no significant accumulation in SW.
With one exception, we observed that the fish exhibited homeostatic control of copper levels in the gill above the isoosmotic point. Although the branchial copper concentrations in fish exposed to the high copper concentration often were elevated relative to their simultaneous, unexposed controls, the concentrations measured reached a plateau and stabilized instead of increasing constantly over time. The stabilization of copper concentrations in the gill is indicative of homeostatic control albeit at a different set point. The control of copper levels in the gill also was exhibited at the low copper concentration at 5 ppt. This homeostatic control of copper concentrations followed two patterns. In one pattern, the concentration of branchial copper increased early during the exposure and returned to control levels by day 30. In the second pattern, copper concentrations increased in the gill and were maintained at this higher, second steady-state concentration throughout the remainder of the exposure. This demonstrated that the fish were able to cope with the increased levels of copper uptake to maintain appropriate concentrations of copper in the tissues and, possibly, to avoid toxicity while maintaining proper cellular function [1] [2] [3] . The only exception was that the concentration in the gill at 20 ppt and the low-exposure concentration increased above control levels on day 30, and J. Blanchard and M. Grosell Asterisks indicate significant differences (p Յ 0.05) from the simultaneous control. See Table 3 for n numbers.
Effect of salinity on copper accumulation
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The observed patterns of copper accumulation can be explained by changes in uptake, excretion, and internalization. Where branchial copper accumulation occurs during exposure to elevated levels of aqueous copper, uptake into the gill exceeds the gill's ability to excrete the copper, either by moving it back into the environment or by moving it into the body.
Where no branchial accumulation is observed, the uptake is, of course, matched by the excretion/internalization. This also is true when the gill, during exposure to elevated copper, establishes a second steady state at a constant copper concentration above a measured control concentration and then maintains this elevated copper concentration. When the branchial copper levels initially rise and then return to control levels during exposure, either alterations in uptake into or elimination from the gill must have occurred. These adjustments could include both reduced uptake rates and increased elimination. During the reduction of branchial copper levels, the rate of excretion/internalization must be higher than the uptake rate in the gill. We cannot determine from these experiments whether the branchial uptake is decreased, if excretion/internalization is increased, or both. The mechanisms involved in maintaining branchial copper homeostasis offer an exciting area for future research.
Intestine
The intestine in salinities above the iso-osmotic point also is a potential target for copper accumulation, because fish in these salinities drink to compensate for water lost to the concentrated external environment [11] [12] [13] . The drinking was illustrated by a trend for an increase in intestinal copper concentrations with salinity above the iso-osmotic point. We observed increased copper concentrations in the intestines of fish at 11 and 20 ppt, but intestinal copper concentrations were not significantly elevated in SW, probably because of the limited n-numbers at day 30 (Table 3 ). In FW, we observed no apparent trend toward an increase in intestinal copper. However, from the correlation analyses (Table 7) , we observed that the intestine was correlated poorly with the investigated water-chemistry parameters, including salinity. This is probably because the intestine exerts strong control over the intestinal fluid chemistry [29] .
In contrast to our expectations, we observed the highest concentrations of copper in the intestine at 5 ppt and the highexposure concentration. These concentrations were approximately fourfold higher than the next-highest concentration observed and approximately eightfold higher than the control levels of copper. This result is unlikely to have resulted from a sampling error or contamination. First, the fish showed a trend toward increased copper in the intestine on day 12 at this salinity (ϳ4.5-fold increase over control). Second, even though all tissues from the fish were sampled at the same time, no other tissues show contamination. Finally, the relatively small standard error (ϳ18%) associated with the measurements suggest that contamination was not an issue. The alternative explanation, that the higher exposure concentration (ϳ21% higher than the lowest-exposure concentration) coupled with the low salinity caused the increased intestinal accumulation, also is unlikely. This explanation is unlikely, however, because a 21% increase in copper concentration is unlikely to cause fourfold as much accumulation in the intestine at 5 ppt as in the intestines of fish exposed to copper at the other salinities.
At this salinity, the fish were still below their iso-osmotic point and, therefore, were expected to be drinking little or no water. However, the high levels of copper in the intestine might indicate that the fish exhibited a high drinking rate at this salinity. Another possible explanation is that the copper found in the intestine is accumulated from within the fish. Finally, if drinking occurs at 5 ppt, the chemistry in the intestine could be unique and, thereby, account for the high copper levels found in the intestine at this salinity. At present, the excessive intestinal copper accumulation at 5 ppt is unexplained but likely the result of an interesting combination of chemistry and physiology at this intermediate salinity.
Liver
The liver contained more copper than any other tissue and dominated the whole-body copper levels (57-86% of wholebody copper). Again, the highest accumulation occurred at the lowest salinity and decreased as the salinity increased. Because the liver is the main organ involved in copper homeostasis, it dictates the trends for whole-body copper accumulation. The intestine and the gill were the major sites of uptake for final accumulation in the liver and whole body. From the present data, it is difficult to separate intestinal and branchial contributions to copper accumulation in the liver and whole body. Further studies are necessary to address the contribution of uptake by the intestine and gill to liver and whole-body accumulation.
Currently, copper is thought to impair osmoregulation and ionoregulation at the gill, and it is thought that this is why copper is toxic. This impairment also is thought to occur at the intestine in SW, because this organ is important for water absorption driven by NaCl transport. Accumulation in the gill and the intestine occur relatively rapidly, and the intestine and gill likely would be important for acute toxicity. However, the liver exhibits substantial copper accumulation and might be important for chronic toxicity.
Accumulation, speciation, and competition
From the correlation analysis (Table 7) , it was apparent that tissue copper concentrations were poorly correlated with both J. Blanchard and M. Grosell the free ion and dissolved copper concentrations. Tissue copper concentrations exhibited both significant positive and negative correlations to dissolved copper concentrations, whereas they were significantly negatively correlated to the free ion at several time points. As such, the free ion and dissolved copper concentrations alone likely are poor predictors of copper accumulation of fish in saline environments. Tissue copper concentrations exhibited positive correlations with salinity, CuOH ϩ , Cu(OH) 2 , and CuCO 3 in all compartments except the intestine. The intestinal copper concentrations showed significant correlations to many of the factors tested at one time point only, which suggests that the intestinal fluid chemistry and water chemistry were correlated poorly.
Considering the present results, CuCO 3 appeared to be the most important form of copper for accumulation, whereas CuOH ϩ and Cu(OH) 2 also contributed in the gill, liver, and whole body. The uncharged CuCO 3 probably was accumulated via a passive diffusion process and, perhaps, was less likely to bind to any target in the cell. Thus, CuCO 3 , even though it apparently was available for accumulation, might not have been available for exerting toxicity. However, the mechanism of uptake, cellular distribution, and potential toxic action of CuCO 3 is not known at this time. Both and CuSO 4 ϩ CuHCO 3 were not considered to be very important because of the low concentration of the two forms present at all salinities.
This interpretation is complicated, however, by the covariance of CuCO 3 and salinity and by the physiological changes in the tissues responsible for uptake and excretion that occur as salinity increases. The strong correlation observed between salinity and accumulation in the gill likely results from competition for uptake by cations at the gill at salinities below the iso-osmotic point. However, the physiology of the gill changes from FW to SW, from taking up ions to excreting ions, respectively, and the competition from cations likely is no longer as important at the gill in SW compared to FW.
Tissue copper concentrations and time were correlated significantly in all compartments examined. Tissue copper concentrations appeared to be correlated with salinity, CuOH ϩ , and Cu(OH) 2 , generally before day 12. Because these correlations appeared early in the exposure, these factors may have a greater influence on accumulation during short-term exposure. Both CuOH ϩ and Cu(OH) 2 may be taken up and internalized more readily than other forms of copper. In the liver and whole body, tissue copper concentrations were correlated with CuCO 3 , suggesting that longer-term accumulation may depend on the amount of CuCO 3 available. However, more detailed work needs to be done to determine which factors (e.g., speciation, physiology, and competition) are important for accumulation at intermediate and high salinities.
CONCLUSION
The most important inorganic form for accumulation, but not necessarily for toxicity, at all salinities likely is CuCO 3 , with CuOH ϩ and CuOH 2 also appearing to contribute. Overall, accumulation is highest at the lowest salinities and decreases with increasing salinity. As could be expected, the gill accumulates more copper at the lower salinities, whereas the intestine appears to accumulate more at higher salinities. However, we observed high copper accumulation in the intestine at 5 ppt that does not follow this trend. It thus appears that more than one target tissue (both the gill and the intestine) must be considered for future development of a BLM for saline environments. Despite the significant correlations between copper accumulation and both copper speciation and salinity, chemistry alone is unlikely to explain our results. The low accumulation at high salinities and the unusually high accumulation at 5 ppt indicate that other factors, such as physiology, probably play important roles in copper accumulation across salinities.
